Abstract. Increasing evidence implicates long noncoding RNAs (lncRNAs), a class of noncoding RNAs >200 nucleotides in length, in the development of cancer. However, the mechanism underlying the effects of lncRNAs in prostate cancer (PCa) remains to be elucidated. The present study aimed to investigate the role of lncRNA-THBS4-003 in the pathogensis of PCa. In the present study, a microarray containing 8,277 lncRNA probes and 32,207 mRNA probes were used to identify dysregulated mRNAs in three patients with PCa, and reverse transcription-quantitative polymerase chain reaction was used to determine the expression levels of thrombospondin 4 (THBS4) and lncRNA-THBS4-003 in 46 primary PCa and adjacent non-tumor tissue samples. The expression levels of THBS4 were determined in six samples of PCa and adjacent non-tumor tissues using Western blot analysis. The effects of forced THBS4 knockdown and lncRNA-THBS4-003 knockdown in the two PCa cell lines, DU145 and PC-3, were evaluated using cell migration and invasion assays, as well as using Western blot analysis. Of the 40,484 probes in the microarray, 354 were significantly upregulated (P<0.05; fold-change >2). The most significantly upregulated mRNA was THBS4. The expression levels of THBS4 and lncRNA-THBS4-003 in the 46 primary PCa samples was significantly higher, compared with that in the adjacent non-tumor tissue samples. Patients with Gleason scores >7 exhibited higher expression levels of lncRNA-THBS4-003, compared with patients with lower scores. Knockdown of THBS4 or lncRNA-THBS4-003 significantly reduced the migratory and invasive abilities of the PCa cells in vitro, and decreased the expression levels of p38 and matrix metalloproteinase (MMP)-9. These findings suggested that the reciprocal regulation of lncRNA-THBS4-003 and THBS4 contributed to the pathogenesis of PCa. Therefore silencing lncRNA-THBS4-003 or THBS4 may inhibit PCa cell migration and invasion, and regulate the levels of MMP-9 through the mitogen-activated protein kinase signaling pathway.
Introduction
Prostate cancer (PCa) is one of the most frequently diagnosed malignancies in men worldwide (1) . The incidence of PCa in China has increased (2, 3) , however, the mechanisms underlying the development and progression of PCa remain to be fully elucidated. Disease relapse and metastasis, as well as the development of hormone-refractory disease, remain the leading causes of mortality. Therefore, investigating the molecular mechanisms involved in the progression of PCa is of major importance and may reveal novel approaches for targeted PCa therapy.
With the advent of tiling-resolution genomic microarrays and whole-genome and transcriptome sequencing technologies, studies have revealed that at least 90% of the genome is actively transcribed (4, 5) . Several of these transcripts have emerged as critical regulators of gene expression and determination of cell fate. A recently identified group of transcripts, termed long noncoding RNAs (lncRNAs), may contribute to a significant quantity of non-coding RNA which makes up the human transcriptome (6, 7) . lncRNAs are a class of noncoding RNAs >200 nucleotides in length; they can be transcribed by RNA polymerase (Pol) II/Pol I, and a number are transcribed by RNA Pol III. lncRNAs are involved in several biological processes, including X chromosome inactivation, nuclear structure, genomic imprinting and development (8, 9) . lncRNA dysfunction has been associated with cell fate determination and the pathogenesis of human disease, including cancer (10) . Furthermore, several dysregulated lncRNAs are associated with the carcinogenesis and growth of tumors, including breast cancer, colon cancer, PCa, hepatocellular carcinoma and leukemia (11) (12) (13) (14) (15) .
lncRNA-thrombospondin 4 (THBS4)-003 is a processed transcript, which does not encode a protein product and has a length of 558 bp, which is >200 bp and, thus fits well within the definition for lncRNAs. lncRNA-THBS4-003 is located at chromosome 5p14.1 and partially overlaps with the protein-coding gene, THBS4 (16) .
Mitogen-activated protein kinases (MAPKs) are a family of kinases, which comprise one of the major signaling pathways involved throughout the development of PCa. MAPKs can be divided into three subfamilies: The extracellular-signal-regulated kinases, the c-Jun N-terminal kinases, and p38 MAPK. It is well known that p38 MAPK is capable of regulating several cellular responses to cytokines and stress; however, previous data demonstrated that p38 is also closely linked to the development of different types of human cancer, through its ability to enhance cancer cell migration and invasion (17) . Matrix metalloproteinases (MMPs), members of the zinc-dependent endoprotease family, are important enzymes involved in degrading the dermal extracellular matrix (ECM); in particular, MMP-9 is important in cancer cell invasion and metastasis (18) .
In the present study, THBS4 and lncRNA-THBS4-003 expression levels are analyzed in PCa tissue in comparison with normal prostate tissue samples, and its potential biomedical functions in vitro are investigated. The aim of the study is to confirm whether lncRNA-THBS4-003 is a potential therapeutic target due to its role in PCa migration and invasion.
Materials and methods
Ethical statement. The present study was approved by the Institutional Review Board of the First Affiliated Hospital of Nanjing Medical University (Nanjing, China). During recruitment, written informed consent was obtained from all participants involved in the present study.
Tissue collection. Primary PCa and adjacent non-tumor tissue samples were collected from patients undergoing radical prostatectomy between 2011 and 2013 at the Department of Urology, the First Affiliated Hospital of Nanjing Medical University. Neither local nor systemic treatment had been administered in these patients prior to surgery. A total of 46 samples from 46 patients undergoing radical prostatectomy were collected in this study. The size of samples were 0.5cm , at least containing 200 mg cells. Following surgery, all the samples were immediately frozen and stored in liquid nitrogen until further analysis. Only samples containing >70% tumor cells were used for the extraction of total RNA. All experiments were approved by the Research Ethics Committee of Nanjing Medical University,. Detailed information on each tissue donor is provided in Table I Cell lines and cell culture. The DU145 and PC-3 human PCa cell lines were purchased from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China). The DU145 and PC-3 cells (60-70% confluence) were cultured in F-12K (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C with 5% CO 2 .
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
For the analyses of mRNA, total RNA was extracted from 75 mg tissue samples and cultured cells using 1 ml TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol, and centrifugation at 12,000 x g (15 min at 4˚C). For RT-qPCR, 1 µg total RNA was reverse transcribed into cDNA in a final volume of 20 µl, using random primers and a High Capacity RNA-to-cDNA kit (Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The RT reaction was performed at 37˚C for 60 min, followed by 95˚C for 5 min. The expression levels of lncRNA-THBS4-003 and THBS4 in the PCa cell lines and tissues were then measured using qPCR, according to the standard protocol of the SYBR Select Master mix (Applied Biosystems; Thermo Fisher Scientific, Inc.). The sequences of the PCR primers used were as follows: lncRNA-THBS4-003, forward 5'-ATG AAG GCTC TGA GTT GGTG-3' and reverse 5'-CTT GGA AGT CCT CAG GGA TG-3'; THBS4, forward 5'-GTT GCA GAA CCT GGC ATT CAG-3' and reverse 5'-CCC TGG ACC TGT CTT AGA CTT CA-3'; and β-actin, forward 5'-ACT GGA ACG GTG AAG GTGAC-3' and reverse 5'-AGA GAA GTG GGG TGG CTT TT-3'. Primers were synthesized by Invitrogen (Thermo Fisher Scientific, Inc.). The mRNA detection reaction was performed under the following conditions: 50˚C for 2 min, 95˚C for 2 min, 40 cycles at 95˚C for 15 sec, and 60˚C for 1 min. The expression levels of lncRNA-THBS4-003 and THBS4 were normalized to that of β-actin and calculated using the ΔΔ Cq method (21) . The reactions were performed and analyzed using an ABI StepOne plus system (Applied Biosystems; Thermo Fisher Scientific, Inc.). All reactions were run in triplicate.
Small interfering (si)RNA transfection. Briefly, 1x10 5 cells were seeded into six-well plates and cultured in complete growth media at 37˚C until the cell density reached 60-70%, prior to siRNA transfection using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The cells were harvested after 48 h at 37˚C for RT-qPCR and Western blot analyses. The sequences of the siRNAs used in the present study were as follows: 5'-GGC AAC AGC UAC AGU ACA ATT-3' and 5'-UUG UAC UGU AGC UGU UGC CTT-3' for si-lncRNA-THBS4-003, 5'-GGC AGU UCU UGG GUC AAA UTT-3' and 5'-AUU UGA CCC AAG AAC UGC CTT-3' for si-THBS4, and 5'-UUC UCC GAA CGU GUC ACG UTT-3' and 5'-ACG UGAC ACG UUC GGA GAA TT-3' for the control siRNA (Invitrogen; Thermo Fisher Scientific, Inc.).
Cell migration and invasion assays. For the migration assays, 3x10
4 cells in serum-free medium were placed in the upper chamber of a Transwell (pore size, 8 mm; BD Biosciences, San Jose, CA, USA). For the invasion assays, cells with 200 µl serum-free medium were placed in upper chambers coated with Matrigel (BD Biosciences), according to the manufacturer's protocol. Medium containing 10% FBS was immediately added to the lower chamber as a chemoattractant. Following incubation for 24 h at 37˚C, the cells, which had not migrated through the pores of the Transwell inserts were manually removed using a cotton swab, and those cells on the lower surface of the membrane were fixed in 95% ethanol and stained with 0.1% crystal violet (Beyotime Institute of Biotechnology, Haimen, China). The numbers of cells in five randomly-selected fields were determined for each chamber, and the average value was calculated. Each experiment was performed in triplicate. Matrigel invasion assays were performed, as described previously (22) .
Protein isolation and Western blot analysis.
The tissue samples and cells were washed twice in ice-cold phosphate-buffered saline and then lysed in buffer containing 20 mM Tris-HCl (pH 7.4; Bio-Rad Laboratories, Inc., Hercules, CA, USA), 137 mM NaCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA, 25 mM β-glycerophosphate, 2 mM sodium pyrophosphate and 0.5 mM dithiothreitol (all purchased from Sigma-Aldrich, St. Louis, MO, USA) with protease inhibitors at 4˚C for 30 min. Subsequently, cellular debris was removed by centrifugation of the lysate at 12,000 x g for 10 min at 4˚C. The supernatants (50 µl) were mixed with equal volumes of 2X sodium dodecyl sulfate (SDS) sample buffer (Sigma-Aldrich) and heated to 100˚C for 10 min. An equal volume of sample was fractionated by SDS-PAGE on a 10% acrylamide gel and transferred onto polyvinylidene difluoride membranes using a Bio-Rad transfer system (version 4.62) (both purchased from Bio-Rad Laboratories, Inc.), according to the manufacturer's protocol. Following blocking of the non-specific binding sites with 5% nonfat milk in Tris-buffered saline with Tween 20, containing 50 mM Tris, 0.15 M NaCl and 0.1% Tween 20 (pH 7.6) for 1 h, the membranes were probed with THBS4 rabbit polyclonal antibody (1:2,000 dilution; cat. no. ab121094; Abcam, Cambridge, MA, USA), p38 rabbit polyclonal antibody (1:1,000 dilution; cat. no. ab7952; Abcam), rabbit polyclonal anti-MMP-9 antibody (1:1,000 dilution; cat. no. ab38898; Abcam), or β-actin rabbit antibody (1:1,000 dilution; cat. no. 8457; Cell Signaling Technology, Inc., Danvers, MA, USA) at 4˚C overnight, followed by incubation with horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies (1:1,000 dilution; cat. no. 7074; Cell Signaling Technology, Inc.) for 1 h at 25˚C. Immunoreactive bands were visualized using enhanced chemiluminescence reagents (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Densitometric analysis of the immunoblots was performed using QuantityOne software (version 4.62; Bio-Rad Laboratories, Inc.). Protein levels were determined by normalization to β-actin, and the mean ± standard deviation was calculated from three individual experiments.
Statistical analysis.
The results are presented as the mean ± standard error of the mean. Differences between groups were assessed for significance using Student's t-test. P<0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed using SPSS 11.0 for Windows (SPSS Inc, Chicago, IL, USA).
Results

Expression of THBS4 is increased in resected PCa tissue samples.
In the present study, a microarray containing 8,277 lncRNA probes and 32,207 mRNA probes was used to identify dysregulated mRNAs in three patients with PCa. Among these mRNAs, 354 were significantly upregulated and 350 were significantly downregulated (P<0.05; FC>2; Fig. 1A ). The most significantly upregulated mRNA was THBS4 (P<0.05; FC>2).
THBS4 was selected to confirm the differential expression levels in 46 paired PCa and adjacent non-tumor tissue samples using RT-qPCR. The expression of THBS4 was significantly higher in the PCa tissues, compared with that in the adjacent non-tumor tissues (Fig. 1B) .
Similarly, the results of the Western blot analyses revealed that the protein expression level ofTHBS was higher in the PCa tumor tissues, compared with the adjacent non-tumor tissues collected from the same patients (Fig. 1C) .
Expression of lncRNA-THBS4-003 is increased in resected
PCa tissue samples. The expression of lncRNA-THBS4-003 was analyzed in 46 primary PCa and adjacent non-tumor tissue samples using RT-qPCR. The expression of lncRNA-THBS4-003 was significantly higher in the tumor tissues, compared with non-tumor tissues ( Fig. 2A) .
In addition, patients with Gleason scores >7 exhibited higher expression levels of lncRNA-THBS4-003, compared with the patients with lower Gleason scores (Fig. 2B) .
Statistical analyses of the expression levels of THBS4 and lncRNA-THBS4-003 revealed a Pearson's correlation coefficient of 0.641 (P<0.0001), indicating a positive correlation between the expression levels of THBS4 and lncRNA-THBS4-003 in PCa (Fig. 2C) .
Effects of THBS4 knockdown on PCa cell lines.
In the present study, siRNA-mediated knockdown of THBS4 was performed in the PCa cells to investigate the effects of THBS4 on the migration and invasion of the PCa cells. The level of silencing achieved was also analyzed by performing RT-qPCR and Western blotting. The mRNA expression levels of THBS4 and lncRNA-THBS4-003 were successfully reduced in the cells transfected with si-THBS4 (Fig. 3A) . Suppressing the expression of THBS4 also reduced the expression levels of p38 and MMP-9 (Fig. 3B) . Furthermore, the numbers of migrated and invaded cells transfected with si-THBS4 were significantly lower, compared with the cells transfected with the control (Fig. 3C and D) .
Knockdown of lncRNA-THBS4-003 inhibits PCa cell migration and invasion in vitro.
As shown in Fig. 4A , the expression levels of lncRNA-THBS4-003 in the PC-3 cells transfected with siRNA were examined. lncRNA-THBS4-003 knockdown significantly suppressed the migratory and invasive abilities of the PCa cells (Fig. 4B and C) .
Reciprocal regulation of lncRNA-THBS4-003 and THBS4 contribute to PCa cell line migration and invasion, and regulate levels of MMP-9 through the MAPK signaling pathway.
Knocking down the expression of THBS4 successfully (Fig. 3A) . Statistical analyses of the expression levels of THBS4 and lncRNA-THBS4-003 found a Pearson's correlation coefficient of 0.641 (P<0.0001; Fig. 2C ).
At 72 h post-transfection, the protein levels of THBS4, p38 and MMP-9 were significantly decreased in the cells transfected with si-lncRNA-THBS4-003, compared with the cells transfected with the control siRNA (Fig. 5) .
Discussion
The present study is the first, to the best our out knowledge, to report lncRNA-THBS4-003 as a potentially useful biomarker for disease progression in patients with PCa. In the present study, a microar ray containing 8,277 lncRNA probes and 32,207 mRNA probes was used to identify dysregulated mRNAs in three patients with PCa. A total of 354 mRNAs were found to be significantly upregulated and 350 were downregulated (P<0.05; FC>2). The most significantly upregulated mRNA was THBS4 (P<0.05; FC>2). lncRNA-THBS4-003 is located at chromosome 5p14.1 and partially overlaps the protein-coding gene, THBS4. Western blot and RT-qPCR analyses revealed that lncRNA-THBS4-003 and the expression levels of THBS4 were higher in tumor tissues, compared with the adjacent non-tumor tissues collected from the same patients. Statistical analyses of THBS4 and lncRNA-THBS4-003 demonstrated a Pearson's correlation coefficient of 0.641 (P<0.0001). The expression level of lncRNA-THBS4-003 was significantly higher, compared with the adjacent non-tumor tissues. Patients with Gleason scores >7 exhibited higher expression levels of lncRNA-THBS4-003, compared with those with lower scores. The aberrant expression and function of lncRNA-THBS4-003 in PCa remain to be elucidated. Using cell migration and invasion assays to evaluate migratory and invasive responses, lncRNA-THBS4-003 knockdown was found to significantly The thrombospondins (THBSs) are a family of five extracellular calcium-binding proteins (THBS1, THBS2, THBS3, THBS4 and THBS5/COMP), which are important in diverse processes through their interactions with the ECM. THBS4 is involved in several critical processes, including cellular proliferation, attachment, adhesion and migration, cytoskeletal organization, cell-to-cell interactions, and the promotion of neurite outgrowth (23) (24) (25) (26) . The role of THBS4 in cancer is well understood, and increasing evidence suggests that THBS4 is involved in colorectal, gastric and prostate carcinomas. THBS4 is reported to be expressed at high levels by cancer-associated fibroblasts as a constituent of desmoplastic stroma in prostate and gastric cancer (20, (27) (28) (29) (30) .
Previous reports have shown that THBS4-induced activation of p38-MAPK regulates vascular inflammation and atherogenesis (20, 31, 32) . It is known that p38 MAPK is capable of regulating several cellular responses to cytokines and stress; however, studies have demonstrated that p38 is also closely associated with the development of different types of human cancer through its ability to elevate cancer cell migration and invasion in response to various stimuli, including inflammatory factors (31) . Evidence has shown that p38 MAPK signals are involved in downregulating the expression of MMP-9, which has been linked to tumor migration and invasion (32) .
The present study demonstrated significant downregulation in the protein levels of p38 and MMP-9 following the suppression of lncRNA-THBS4-003 or THBS4. The numbers of migrated and invaded cells transfected with si-lncRNA-THBS4-003 or si-THBS4 were also significantly lower, compared with the cells transfected with control siRNA.
The present study revealed that the forced knockdown of lncRNA-THBS4-003 or THBS4 decreased the in vitro migratory and invasive abilities of PCa cells through the MAPK signaling pathway. THBS4 is an adhesive glycoprotein that mediates cell-to-cell and cell-to-matrix interactions Figure 5 . Expression levels of THBS4, P38 and MMP-9 are decreased following transfection with si-lncRNA-THBS4-003. * P<0.05. lncRNA, long noncoding RNA; THBS4, thrombospondin 4; si-THBS4, small interfering-THBS4; MMP-9, matrix metallorpoteinase-9; nc, negative control. and is involved in the regulation of vascular inflammation. THBS4 and lncRNA-THBS4-003 can promote angiogenesis in prostate tissue (33) . In the present study, p38 and MMP-9 were decreased following knockdown of THBS4 and lncRNA-THBS4-003 in prostate cancer cell lines. MMP-9 can promote angiogenesis, tumor migration and invasion in prostate cancer.
In conclusion, the present study demonstrates that THBS4 and lncRNA-THBS4-003 serve a significant role in PCa proliferation and migration via the MMP-9 and p38 MAPK signaling pathway.
